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The Heilangou gold deposit is located in the northern QixiaePenglai gold belt, which is one amongst the
three large gold belts in the eastern Shandong Province (Jiaodong Peninsula). The ore body has formed
within the Guojialing granite. In this study, we report the mineral chemistry of pyrite, as well as the S, Pb,
and HeO isotope data of the Heilangou gold deposit. The chemical composition of pyrite in the Heilangou
gold deposit indicates that the associated gold deposit is a typical magmatic hydrothermal one. The
geochemical signatures and crystal structure of pyrite show that the ore-forming materials have been
derived from the crust. The S isotope data of the pyrites from Heilangou show an overall range from 5.5 to
7.8& and an average of 6.7&. The S isotope data in this deposit are similar to those from the deposits in the
Jiaodong gold belt. The Pb and S isotope variations are small in the Heilangou gold deposit. The 206Pb/204Pb,
207Pb/204Pb and 208Pb/204Pb ratios are 17.4653e17.5958, 15.5105e15.5746 and 38.0749e38.4361, respec-
tively. These data plot between the lower crust and the orogenic belt. The Pb isotope data in the Heilangou
gold deposit are similar to those in the Linglong gold deposit. From the Qixia gold area (the Liukou and
Majiayao gold deposits) to the MupingeRushan gold belt (Rushan gold deposit) to the ZhaoeYe gold belt
(the Linglong, Sanshandao and Jiaojia golddeposits), the 206Pb/204Pb ratios progressively increase. TheDeO
isotope data obtained from quartz separates suggest that the ore-forming ﬂuid was similar to a mixture of
magmatic and meteoric waters. These results suggest that the ore-forming elements were primarily from
source ﬂuids derived from the lower crust.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The Jiaodong Peninsula in the eastern part of the North China
Craton is the largest gold province in the country, and belongs to
the Mesozoic metallogenic event in the region (Guo et al., 2013; Li
and Santosh, 2013; Li et al., 2013; Zhai and Santosh, 2013). The
Heilangou gold deposit is located in the QixiaePenglai gold belt,
which is one amongst the three large gold belts in the eastern
Shandong Province (Jiaodong Peninsula). Recent exploration has@cugb.edu.cn (S. Li).
of Geosciences (Beijing)
evier
sity of Geosciences (Beijing) and Ptargeted gold deposits in the QixiaePenglai gold belt that are
associated with the Guojialing granitoids, and many gold deposits,
such as Heilangou, Daliuxing, Yujiakuang and Hexi have been
identiﬁed (Zhou et al., 2002; Chen et al., 2005). Previous studies of
gold deposits have focused on the ZhaoyuaneLaizhou gold belt and
the RushaneMuping gold belt (Hu et al., 2006; Li et al., 2008; Deng
et al., 2009). However, the gold deposits in the QixiaePenglai gold
belt are still poorly studied (Hou et al., 2006, 2007). The afore-
mentioned studies did not consider the geochemistry of pyrite and
lacked new isotopic data.
Pyrite is the most common and important gold-bearing mineral
in gold deposits (Boyle, 1979; Murowchick and Barnes, 1987; Chen
et al., 1989; Maddox et al., 1998; Abraitis et al., 2004; Deditius et al.,
2008; Prolledesma et al., 2010), and it accounts for 85% of the major
gold-bearing minerals in gold deposits (Gao et al., 2000). The
properties of pyrite, such asmorphology (Donnay and Harker,1937;
Evzikova, 1984; Chen et al., 1989), chemical composition (Chen
et al., 1989; Ressel et al., 2000; Abraitis et al., 2004; Cook et al.,eking University. Production and hosting by Elsevier B.V. All rights reserved.
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thermoelectricity (Chen et al., 1989; Abraitis et al., 2004), have been
studied previously. However, the geological relevance of pyrite
geochemistry is still unclear. Many factors, such as ore genesis, the
sources of metals and ﬂuids, the relationships among the ambient
environmental factors and the various characteristics of pyrite need
to be studied. In this paper, we present the pyrite geochemistry
data that are related to its chemical composition and S and HeO
isotopes in the Heilangou gold deposit. We also use new systems,
such as dFe/dSeAs, (Fe þ S)eAs and CoeNieAs, for the chemical
composition of pyrite. This work will provide a valuable tool for the
exploration of similar deposits in the region. An attempt is also
made to determine the source of ore-forming ﬂuids in the Hei-
langou gold deposit.
One method to constrain the nature of ore-forming ﬂuids is to
study stable isotopes, such as those of hydrogen, oxygen, carbon,
sulfur, and nitrogen, and noble gases of the ore-forming ﬂuids and
relatedminerals. Although some studies on stable isotopes exist for
the Jiaodong gold deposits (e.g., Li, 1988; Zhang et al., 1994; Zhai
et al., 1996; Sun et al., 2001; Mao et al., 2002; Zhang et al., 2002;
Liu et al., 2003a,b; Mao et al., 2008), to date none exist for the
Heilangou gold deposit. Furthermore, data from the existing studies
give conﬂicting views regarding the sources of ore-forming ﬂuids in
the Jiaodong gold province. The fact that most of the gold ore bodies
are hosted in 160e150 Ma Linglong-type biotite granite or
130e126 Ma Guojialing-type granodiorite has prompted re-
searchers to suggest that the ore-forming ﬂuids were dominantly
derived from granitic magma, which increasingly mixed with
meteoric water during the late stages of hydrothermal activity (Qiu
et al., 1988; Sun et al., 2001; Wang and Yan, 2002; Mao et al., 2008).
Others, on the basis of stable isotope systematics and initial ratios
of Sr isotopes, suggested that the major component of the ore-
forming ﬂuids was meteoric water, or that the meteoric water
mixed with small amounts of magmatic ﬂuid (e.g., Zhai et al., 1996;
Lu et al., 1999; Shen et al., 2004). Owing to the close spatial rela-
tionship between the ore bodies and Cretaceous lamprophyre
dykes, together with some evidence of mantle-derived compo-
nents, others argued that deep ﬂuids or mantle-derived ﬂuids wereFigure 1. Simpliﬁed geological map of the Jiaodong Peninsula, eastern China (modiﬁed after
rock, GL: Guojialing rock, LL: Linglong rock, BG: Biguo rock, LJ: Luanjiahe rock.responsible for the gold deposits in the Jiaodong Peninsula (Deng
et al., 2000; Fan et al., 2003; Liu et al., 2003a,b; Zhou et al., 2003).2. Regional geological setting
The Heilangou gold mine is situated in the middle portion of the
Jiaodong Peninsula in eastern Shandong Province (Fig. 1). Based on
historical production rates, this area is the largest repository of gold
(>35 Moz Au) in China. Most of the gold deposits are distributed
between the Tanlu Fault zone and the WulianeQingdaoeYantai
Fault. The latter is considered to be the boundary between theNorth
China Craton and the Sulu ultrahigh-pressure (UHP) orogenic belt
(Zhai et al., 2000). The northwestern Jiaodong Peninsula is
composed primarily of Precambrian metamorphic sequences,
Mesozoic volcanic rocks and granitoids, and minor Mesozoic sedi-
mentary cover rocks (Wanget al.,1998). The Precambrian sequences
primarilycomprise the lateArcheanamphibolite- togranulite-facies
of the Jiaodong Group, and the Proterozoic Fenzishan and Penglai
groups are composed of low-grade metasedimentary rocks. The
JiaodongGroup,whichwas dated at 2665Ma using the UePb zircon
method, consists primarily of maﬁc to felsic volcanic and sedimen-
tary rocks and has been identiﬁed as an Archean greenstone belt
(Shimazaki et al., 1994). The Mesozoic granitoids that intrude the
high-grade Jiaodong Group can be subdivided into the following
three groups according to their compositional and textural charac-
teristics and their ﬁeld relationships (Qiu et al., 2002): (1) a granite-
granodiorite group that is primarily composed of biotite granites,
granodiorites and monzonites; (2) a porphyritic granodiorite group
that consists of porphyritic, hornblende-bearing granodiorites,
monzogranites and granites; and (3) a peralkaline granitoid group
that consists primarily ofmonzonites and syenites.Most of the large
gold mines in the Jiaodong Peninsula are hosted in the widely
distributedmetaluminous to slightlyperaluminous granitoids of the
ﬁrst two groups. These include the Linglong and Jiaojia gold deposits
that are hosted in the 160e156 Ma old Linglong medium-grained
biotite granite and the 130e126 Ma old Guojialing porphyritic
granodiorite (Miao et al., 1997).Li et al., 2013). CZ: Cuizhao rock, HY: Haiyang rock, KY: Kunyushan rock, GD: Guojiadian
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Peninsula are mainly distributed in the ZhaoyuaneLaizhou (or
ZhaoeYe), the QixiaeYantai, and the RushaneMuping gold belts
(Qiu et al., 2002, Fig. 1). Two types of gold deposits have been
identiﬁed: the Linglong-type of Au-bearing quartz lode gold and
the Jiaojia-type of hydrothermal alteration accompanied by
disseminated pyrite; in this area the latter type has a consistent
spatioetemporal association with the late Jurassiceearly Creta-
ceous magmatism (approximately 130e110 Ma) in eastern China,
which has been determined to be related to lithospheric thinning
(Wang et al., 1998; Yang et al., 2003). Detailed information about
the geological setting and the genesis of the gold lode deposits are
available inWang et al. (1998), Qiu et al. (2002) and Fan et al. (2003,
2005).
3. Deposit geology
The Heilangou gold district is situated in the southeast of Pen-
glai city in the middle part of Jiaodong Peninsula (Fig. 2). Supra-
crustal rocks in this area comprise both metamorphosed
Precambrian sequences and CretaceouseCenozoic sedimentary
and volcanic successions. Precambrian sequences comprise the
late-Archean Jiaodong Group, lower Proterozoic Fenzishan Group
and upper Proterozoic Penglai Group. The Jiaodong Group, which
consists of maﬁc to felsic volcanic and sedimentary rocks meta-
morphosed to amphibolite- to granulite-facies, has been dated at
2665 9Ma by conventional UePb zirconmethods (Qiu,1989), and
corresponds well to the classical model of Archean greenstone belts
(Ji et al., 1994). The Jiaodong Group forms the basement of the
ZhaoeYe gold belt. Proterozoic Fenzishan and Penglai groups
consist of low-grade metasedimentary rocks lying uncomformably
on the Jiaodong Group.
Plutonic rocks which have intruded into the Precambrian
basement (Jiaodong Group) are the Guojialing suites. The Guojial-
ing suite consists of porphyritic hornblendeebiotite granodiorites
which are intrusive into the former suites. Previous petrography,
geochemistry and isotopic studies suggest that all three granitoid
suites were derived from partial remelting of different supracrustal
rocks of the late-Archean Jiaodong Group at deep crustal levels. The
ore bodies of the Heilangou deposit are primarily a quartz vein andFigure 2. Geological sketch of southeastern Psome disseminated veinlets. The ore bodies are controlled by a
series of NE- and NNE-trending faults, and the dip angles vary
between 45 and 80 (Fig. 2). The ore bodies are primarily
composed of quartz veins and associated pyritized, sericitized and
siliciﬁed granitic rocks. The wall rock consists of Guojialing
porphyritic granodiorite. The grades of the ore bodies are mainly
1e10 g/t with a maximum of 33.13 g/t.
Optical microscopy and X-ray diffraction (XRD) studies have
shown that the ore minerals of the Heilangou deposit are native
gold, electrum, pyrite, chalcopyrite, galena and sphalerite. The
gangue consists primarily of quartz, sericite, K-feldspar and
plagioclase. The ore structures commonly include automorphic
granular structure, inclusion structure and a structure resulting
from the decomposition of a solid solution. The ore textures include
the disseminated texture, the veinlet texture, the brecciated texture
and the banded texture. Based on the ore textures, the structure and
themineral assemblages, the ore-formingprocesses aredivided into
four stages (Table 1): pyriteequartz stage (I), quartzepyrite stage
(II), polymetallic sulﬁde stage (III) and quartzecarbonate stage (IV).
II and III are the primary ore-forming stages.
The alterations are primarily K-feldspathization, sericiteequartz
alteration, siliciﬁcation and pyritization, and the less frequent al-
terations are carbonization, kaolinization, and chloritization.
Intensive polymetallic sulﬁde formation and siliciﬁcation are
closely associated with gold mineralization. The alterations are
divided into three belts: the red alteration belt, the sericiteequartz
alteration belt and the pyriteesericiteequartz alteration belt
(Table 2). The chemical compositions in the alteration zone listed in
Table 2 show that contents of SiO2 and H2O increase in all the
alteration belts and contents of Ca, Al and Mg decrease in all the
alteration belts. However, the Ti content is invariable throughout all
the alteration belts. In the red alteration belt, the levels of Fe3þ and
Fe3þ/Fe2þ increase, but the content of Fe3þþFe2þ is less than that in
the original rock. This means that the source of Fe3þ is the dark
minerals in the original rock. And iron mainly changes its valence
state from Fe2þ to Fe3þ. In the sericiteequartz alteration belt and
the pyriteesericiteequartz alteration belt, the value of Fe3þ/Fe2þ
decreases. This indicates that the physico-chemical conditions
change from one of oxidation to that of reduction. The Aumay enter
into the hydrothermal ﬂuid by oxidation in the red alteration belt.englai (modiﬁed after Hou et al., 2006).
Table 1
Stages of mineralization and the sequence of mineral formation in the Heilangou gold deposit.
Stages Hydrothermal period Exposed period
Ore-forming
stages Stage I Stage II Stage III Stage IV
Quartz
Pyrite
Sericite
Native gold
Electrum
Kustelite
Pyrrhotite
Arsonpyrite
Chalcopyrite
Chalcocite
Tetrahedrite
Galena
Sphalerite
Cubanite
Siderile
Chlorite
Albite
Calcite
Malachite
Limonite
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Fresh samples of alteration rock and ore body from the under-
ground mine at the level from þ140 to 230 mwere selected from
the underground working and were prepared for ore microscopy
and petrography as polished blocks and polished thin sections.
Individual minerals were extracted from the various ore veins and
were lightly crushed to a grain size of approximately 40e60 mesh
using a carefully pre-cleaned agate mortar and pestle. They wereTable 2
Variation of chemical compositions in the altered zone of the Heilangou gold deposit.
Alter zone Original rock Red belt
Compositions wt.% wt.% Bring in (þ)
bring out ()
SiO2 66.18 71.86 5.68
Al2O3 15.28 13.31 1.97
Fe2O3 0.87 2.01 1.14
FeO 2.74 1.96 0.78
CaO 3.56 2.04 1.52
MgO 2.14 0.7 1.44
K2O 3.75 3.2 0.55
Na2O 4.17 3.4 0.77
TiO2 0.39 0.15 0.24
P2O5 0.16 0.06 0.1
MnO 0.04 0.03 0.01
H2O 0.59 1.97 1.38
Fe3þ þ Fe2þ 0.04 0.04 0
Fe3þ/Fe2þ 0.13 0.48
Na2O/K2O 1.11 1.06washed and then handpicked to a purity of more than 99% under a
binocular microscope.
Major and trace elements in pyrite were analyzed with an
electron microprobe analyzer, with precision of 0.0001 at the China
University of Geosciences. Crystal structure of pyrite was analyzed
with XRD, also at the China University of Geosciences. Thermo-
electricity of pyrite in different stages of the Heilangou gold deposit
was measured using the BHTE-06 thermoelectricity coefﬁcient
apparatus at 60 C (China University of Geosciences).Sericitolite belt Pyrite-sericitolite belt
wt.% Bring in (þ)
bring out ()
wt.% Bring in (þ)
bring out ()
70.62 4.44 69.3 3.12
13.26 2.02 14.3 0.98
1.67 0.1 1.59 0.72
2.11 0.63 4.07 1.33
2.11 1.54 1.32 2.24
0.75 1.39 0.55 1.59
3.5 0.25 3.6 0.15
4 0.17 4.79 0.62
0.23 0.16 0.18 0.21
0.04 0.12 0.04 0.12
0.04 0 0.03 0.01
1.92 1.33 2.14 1.55
0.04 0 2.14 0.02
0.35 0.18
1.14 1.33
Figure 3. (a) The whole element content of pyrite in the Heilangou gold deposit (Fe, S and As are in % and the other elements are in ppm). 1: epithermal gold deposit, 2: magmatic
hydrothermal gold deposit, 3: metamorphic hydrothermal gold deposit, 4: Carlin-type gold deposit, 5: Heilangou gold deposit; (b) The dFe/dSeAs characteristics of the Heilangou
gold deposit. A emagmatic hydrothermal gold deposits, B e Carlin-type gold deposits, C emetamorphic hydrothermal gold deposits. 1: Heilangou gold deposit, 2: epithermal gold
deposit, 3: magmatic hydrothermal gold deposit, 4: metamorphic hydrothermal gold deposit, 5: Carlin-type gold deposit; (c) The (Fe þ S)eAs characteristics of the Heilangou gold
deposit. A e Carlin-type gold deposits, B emagmatic hydrothermal gold deposits, C e volcanic hydrothermal gold deposits, D emetamorphic hydrothermal gold deposits. 1e5 are
the same as in Fig. 3b. (d) The CoeNieAs trace element characteristics of the Heilangou gold deposit. A e area of magmatic hydrothermal gold deposits, B e area of Carlin-type gold
deposits, C e area of metamorphic hydrothermal gold deposits. 1e5 are the same as in Fig. 3b.
Figure 4. Geochemical signature characteristics of pyrite in the Heilangou gold de-
posit. 1: Heilangou gold deposit, 2: epithermal gold deposit, 3: magmatic hydrothermal
gold deposit, 4: metamorphic hydrothermal gold deposit, 5: Carlin-type gold deposit.
Y. Yan et al. / Geoscience Frontiers 5 (2014) 205e213 209For sulfur isotope analysis, 200-mesh pyrite was used. The
samples were prepared for sulfur isotope analyses following the
procedure of Glesemann et al. (1994), and the measurements were
performed in aMat-251EMmass spectrometer in the Stable Isotope
Laboratories of the China Academy of Geological Sciences (CAGS).
The data are accurate to 0.2& (two standard deviations) relative
to Vienna Canyon Diablo Troilite (V-CDT) and a variety of secondary
standards.
Pure quartz separates were prepared for hydrogen and oxygen
isotope analysis. The O-isotopic compositions of quartz were
analyzed following the BrF5 method (Clayton et al., 1972). The d18O
values were determined on a Finnigan MAT 252 ratio mass spec-
trometer. The dD values of water were analyzed using the Zn
reduction method (Coleman et al., 1982). H2 and CH4 from the ﬂuid
inclusions were ﬁrst converted to H2O by passing through a CuO
furnace at a temperature of 600 C. Next, all of the H2O was com-
bined and converted to H2 by reacting with Zn in a vacuum line. The
dD values were measured on the same mass spectrometer. The D/H
ratios are expressed in the dD value in& relative to V-SMOW. The
reproducibilities of both d18O and dD were 1&. The oxygen iso-
topic compositions of the hydrothermal waters in equilibriumwith
quartz were calculated using an extrapolation of the fractionation
formula from Taylor (1974). The calculations of the fractionation
Y. Yan et al. / Geoscience Frontiers 5 (2014) 205e213210factors were made using the mean value of the homogenization
temperatures of ﬂuid inclusions plus pressure-corrected
temperatures.5. Results and discussion
5.1. Mineral chemistry of pyrite in the Heilangou gold deposit
5.1.1. Chemical composition of pyrite
The chemical composition of the Heilangou gold deposit is re-
ported in Fig. 3. Fig. 3a shows the element concentration in pyrite in
the Heilangou gold deposit. Curve 5 of the Heilangou gold deposit is
similar to curve 2 of magmatic hydrothermal gold deposits. When
compared with curve 2, curve 5 has less Cu but more Zn. The Zn is
usually derived from the shallow part of gold deposit. Therefore,
the whole element content of pyrite in the Heilangou gold deposit
shows that the genetic type of Heilangou is a magmatic hydro-
thermal gold deposit, and the source of the ore materials are from
themiddle to shallow part of the earth. Fig. 3b shows the dFe/dSeAs
characteristics of the Heilangou gold deposit. The plots of dFe/
dSeAs are in the area of the magmatic hydrothermal gold deposits.
This also suggests that the Heilangou gold deposit is a magmatic
hydrothermal deposit. Fig. 3c shows the (Feþ S)eAs characteristics
of the Heilangou gold deposit. Most of the (Fe þ S)eAs plots are in
the area of the magmatic hydrothermal gold deposits. This further
suggests that Heilangou gold deposit is a magmatic hydrothermal
deposit. Fig. 3d shows the CoeNieAs trace element characteristicsFigure 5. (a) d34S of the Heilangou gold deposit; (b) 207Pb/204Pbe206Pb/204Pb of the Heilango
Xishan, Jinqingding, Jiaodong Group and Kunyushan granite, respectively; (c) 208Pb/204Pbe20
the Heilangou gold deposit. 1: Heilangou gold deposit (this study), 2: Heilangou gold depos
(Hou et al., 2007), 5: Jiaojia gold deposit (Zhang et al., 1994), 6: Xincheng gold deposit (Zhan
granite (Xu et al., 1989), 9: Linglong granite (Xu et al., 1989), 10: Guojialing granite (Xu et aof the Heilangou gold deposit. The plots of CoeNieAs are all in the
area of the magmatic hydrothermal gold deposits, which further
supports the view that the Heilangou gold deposit is a magmatic
hydrothermal deposit.
Geochemical studies have revealed that the elements in gold
deposits have vertical zoning characteristics (Boyle, 1979). The
dominant elements in the upper part of the ore body are As, Sb, Hg,
Ba and Ag. The elements in the middle part of the ore body are Au,
Cu, Pb, Zn and Bi. The elements in the deep part of the ore body are
Co, Ni, Ti and Cr. Fig. 4 has geochemical signatures the same as the
Heilangou gold deposit. The geochemical data came primarily from
the upper and middle parts of the ore body. This means that the
Heilangou gold deposit is a middle- to shallow-level ore deposit.5.2. Stable isotope chemistry of the Heilangou gold deposit
5.2.1. Sulfur isotopes
The results from the present study and previously published
studies regarding the sulfur isotopic compositions are presented in
Fig. 5a. The d34S values of pyrite range from 5.5 to 7.8&, with an
average of 6.7&. This range is very narrow and is within the range
for granites (5 to 11&), which indicates that the homogenous
sulfur isotope compositions have a single source for the different
types of sulﬁde from the ores. The characteristics of sulfur isotope
values in this deposit are similar to other gold deposits in Jiaodong
(Huang, 1994; Zhang and Chen, 1999; Zhang et al., 2002; Mao et al.,
2008), indicating that the sulfur of all three types of deposits hasu gold deposit. 1, 2, 3, 4, 5 and 6 represent the Heilangou, Linglong Dongshan, Linglong
6Pb/204Pb of the Heilangou gold deposit. 1e6 are the same as in Fig. 5b; (d) dDed18O of
it (Hou et al., 2007), 3: Jinqingding gold deposit (Chen, 2010), 4: Linglong gold deposit
g et al., 1994), 7: Majiayao gold deposit (Qiu et al., 1988; Yang et al., 1991), 8: Kunyushan
l., 1989), 11: Old meteoric water.
Table 3
dDe18O isotope characteristics in the Heilangou gold deposit.
Gold deposits Sample Minerals d18Oquartz (&) d18OH2O (&) d
18DH2O (&) Reference
Heilangou Ore Quartz 14.4 5.44 79.3 This paper
Ore Quartz 14.2 2.49 75.8
Heilangou Ore Quartz 13.8e18.3 4.9e10.9 78 to 101 Hou et al., 2007
Jinqingding Ore Quartz 12.6 6.86 83.1 Chen, 2010
Ore Quartz 13.8 8.06 84.7
Ore Quartz 11.7 4.09 80.6
Linglong Ore Quartz 13.6 4.2 85 Hou et al., 2007
Ore Quartz 16.6 7.2 54
Jiaojia Ore Quartz 11.4e13.7 2.0e2.8 107 Zhang et al., 1994
Xincheng Ore Quartz 13.9e15 4.1e4.5 81 to 91 Zhang et al., 1994
Majiayao Ore Quartz 4.8 92.8 Qiu et al., 1988
Quartz inclusion H2O 5.3 66 Yang et al., 1991
Quartz inclusion H2O 2.2 58 Yang et al., 1991
Kunyushan granite Granite 9.65 90 Ying, 1994
Linglong granite Granite 8.3 4.7e7.6 68.4 Xu et al., 1989
Guojialing granite Granite 10.1 7.1e9.1 62.4 Xu et al., 1989
Y. Yan et al. / Geoscience Frontiers 5 (2014) 205e213 211the same source (Mao et al., 2008). According to the study of Mao
et al. (2008), d34S values increase from the quartz vein ores
(6.8e9.3&, averaging 8.3&) to altered-fracture ores (8.5e12.5&,
averaging 10.9&) and brecciated ores (9.9e12.7&, averaging
11.0&). The isotopic composition of a hydrothermal sulﬁde is
determined by a number of factors such as (1) isotopic composition
of the hydrothermal ﬂuid fromwhich themineral got deposited, (2)
temperature of deposition, (3) chemical composition of the dis-
solved element species including pH and f(O2) at the time of
mineralization, and (4) relative amount of the mineral deposited
from the ﬂuids (Hoefs, 2004). Although there are several factors
responsible for mineral deposition, the change in sulfur composi-
tion in the various types of gold ores in the Jiaodong area can be
closely related to f(O2) (Wang and Yan, 2002). Furthermore, the
host rocks for gold in the Jiaodong area (metamorphic rocks and
granitoids) also show unique and relatively higher d34S composi-
tions. The d34S values of pyrite in the metamorphic rocks of the
Jingshan Group are 9.3&e9.8&; the d34S values of pyrite in the
metamorphic rocks of the Jiaodong Group are 7.2&e7.6& (Zhang
and Chen, 1999). The average d34S values of pyrite in the Linglong
biotite granite is 7.3&, for the Luanjiahe biotite granite 8.9&, for
the Guojialing granodiorite 6.7&, and for the maﬁceintermediate
dykes 6.9& (Huang, 1994; Li et al., 2004). Therefore, the similar
sulfur isotopic compositions of the Mesozoic rocks imply homog-
enization of the sulfur isotopic system, together with crustemantle
interaction through geological time. In other words, during the
Mesozoic mineralization events, the ore-forming ﬂuids were
sourced from a common ﬂuid reservoir, probably a ﬂuid system
linked to processes of crustemantle interaction.
5.2.2. Lead isotopes
The ratios of 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb for sul-
ﬁdes show narrow ranges from 17.4653e17.5958, 15.5105e15.5746
and 38.0749e38.4361, respectively. As shown in the plot of
207Pb/204Pb versus 206Pb/204Pb (Fig. 5b), the Pb isotope ratios of
sulﬁdes overlap the orogenic belt that was described by Zartman
and Haines (1988), which demonstrates that the Pb reservoirs are
derived from the orogenic belt. However, in the 208Pb/204Pb versus
206Pb/204Pb diagram (Fig. 5c), the majority of the sulﬁde data
straddle the lower crust and orogenic belt curves. The narrow
variations in 208Pb/204Pb and the fairly narrow range of 206Pb/204Pb
values, suggest that there is a single lead source. Comparedwith the
other deposits in Jiaodong, the values of 206Pb/204Pb, 207Pb/204Pb
and 208Pb/204Pb are similar to those from the Linglong gold deposit.
Because the wall rocks of the Linglong and Heilangou deposits are
Linglong granite and Guojialing granite, respectively, the Linglongand Heilangou gold deposits have similar ore-forming conditions
and Pb sources. The Pb sources are between the low crust and the
orogenic belt.
5.2.3. Hydrogen and oxygen isotopes
The dD values were analyzed directly from ﬂuid inclusions in
auriferous vein quartz. The d18OH2O values were calculated from the
d18O of quartz using the formula: 1000 lnaquartz-water ¼ 3.38  106/
T2  3.4 (Taylor, 1974). The results are listed in Table 3.
The dD values that were obtained from ﬂuid inclusions in quartz
can accurately reﬂect the dD values of the hydrothermal ﬂuid
(Faure, 2003). The dD values of vein quartz are indistinguishable
and have a narrow range of 79.3 to 75.8&. Using the formula
that was reported by Taylor (1974), the d18OH2O values that were
calculated from the d18O values of quartz range from 2.49& to
5.44& at themean homogenization temperature of associated ﬂuid
inclusions. In the plot of dD versus d18O (Fig. 5d), all samples in the
Heilangou gold deposit are located between the magmatic water
ﬁeld and the meteoric line. These hydrogen and oxygen isotopic
data are consistent with those of magmatic water (dD ¼ 80&
to 40&, d18Owater ¼ 5.5e9.5&), as suggested by Ohmoto (1986)
and Sheppard (1986). They are quite different from the meteoric
water of 16.2& for d18Owater and 120& for dD at 120 Ma, pro-
posed by Zhang (1989). As shown in Fig. 5d, the ﬂuids of the Hei-
langou gold deposit may represent magmatic water mixed with
some meteoric water. The ore ﬂuids at the Heilangou deposit are
similar to those of gold deposits from other belts in the Jiaodong
Peninsula (Zhang et al., 1994; Hou et al., 2007; Chen, 2010). The
consistency of the ore-forming ﬂuid and the mineralization ages
suggest that the Heilangou gold deposit was formed during the
same metallogenic event as the other gold deposits in the Jiaodong
Peninsula at 120  10 Ma, and it also validates the model on tec-
tonic regime inversion, lithosphere thinning, and large-scale met-
allogeny (Yang et al., 2003).
6. Conclusions
The mineral chemistry of pyrite shows that the Heilangou de-
posit is a magmatic hydrothermal deposit. The alteration zone in-
dicates that the wall rock (Guojialing granite) has a close
relationship with the ore body. This suggests that the ore-forming
materials are primarily derived from the Guojialing granite. The
chemical composition of the whole element content plot, the dFe/
dSeAs plot, the (Fe þ S)eAs plot, the geochemistry signature plot
and the CoeNieAs plot reveal that the Heilangou deposit is a
typical magmatic hydrothermal deposit, and the samples that were
Y. Yan et al. / Geoscience Frontiers 5 (2014) 205e213212selected in this study represent the middle to upper parts of the ore
body.
The values of d34S, which display a narrow range of 5.5e7.8&,
indicate a single source of granite. The source of sulfur is the
magmatic systems. The lead isotopic data show that the ore-
forming materials are derived from a mixture of lower crustal
material and the orogenic belt. The hydrogen and oxygen isotope
data from the ﬂuid inclusions suggest that the ore ﬂuid is a mixture
of meteoric water and magmatic water.
These data comprehensively suggest that the ore-forming ma-
terials were leached from Guojialing granite; this water reacted
with a ﬂuid mixture of meteoric water and magmatic water. The
Heilangou deposit has a middle to shallow location and is a typical
magmatic hydrothermal gold deposit.Acknowledgments
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